Introduction
Francisella tularensis is a highly infectious, Gram-negative, facultative, intracellular bacterium that causes the zoonotic disease, tularemia. The type and severity of tularemia depend on the strain, dose, and route of infection. F. tularensis subspecies tularensis (type A) and holarctica (type B) cause most human cases, with the subspecies tularensis being the most virulent [1] . All forms of tularemia typically present with sudden onset of fever, headaches, chills, sore throat, coryza, and generalized body aches 3-5 d after exposure [2] . Pulmonary infection results in the most severe form of disease, and untreated pulmonary cases of tularemia caused by type A F. tularensis have mortality rates .30% [3] . Cutaneous or ulceroglandular tularemia is the most common form of human disease occurring in 75-85% of patients. A papule appears at the site of the cutaneous infection at about the time of generalized symptoms in ulceroglandular tularemia. The papule becomes a painful pustule and ulcerates within a few days of its appearance. Cutaneous tularemia is rarely fatal, but affected lymph nodes may rupture and become fluctuant. In addition, lymphadenopathy and ulcers may persist for months, even with appropriate antibiotic therapy [2, 4] . Data from experimental models suggest that a more robust immune response to cutaneous rather than pulmonary Francisella infection in part explain the differential host susceptibility to infection by these routes [5, 6] . Despite this differential susceptibility to infection, in mice it has been shown that the control of systemic, rather than pulmonary, bacterial burden is critical to surviving challenge with type A F. tularensis, regardless of the route of infection [7, 8] .
A live vaccine strain (LVS) derived from the F. tularensis subspecies holarctica was developed over 50 yr ago; however, questions remain concerning its efficacy and residual virulence, and thus LVS is not licensed for human use [1] . LVS retains doseand route-dependent virulence in mice [9] ; however, it is not as virulent as WT A or B strains of F. tularensis. LVS and a related Francisella species, F. novicida, can cause disease in mice, but do not require BSL3 containment. These strains have been extensively studied as model intracellular pathogens [10, 11] . However, type A strains of F. tularensis possess immune evasion capabilities not observed in model Francisella strains [5, [12] [13] [14] , and numerous vaccines and immunotherapeutics that confer potent protection against model strains of Francisella have demonstrated little or no efficacy against challenge with type A F. tularensis [5, 11, [15] [16] [17] . Therefore, results of studies investigating elicited and protective immune responses against model strains of Francisella are not always applicable to strains of Francisella that cause disease in humans.
MyD88 is an adaptor protein that relays TLR, IL-1R, and IL-18R signaling [18, 19] . MyD88 2/2 mice are highly susceptible to infection with LVS, F. novicida, and type A F. tularensis [20] [21] [22] . Both TLR and IL-1/IL-18 signaling appear to contribute to MyD88-dependent protection against LVS and F. novicida after s.c. or intradermal infection [22] [23] [24] [25] . Although MyD88 has been shown to be necessary for protection and inflammatory cytokine production during pulmonary infection with type A F. tularensis, the mechanism underlying this protection remains undefined. However, it is known that TLR4 deficiency does not affect resistance to type A F. tularensis infection in vivo [26] and that type A F. tularensis can suppress TLR2-and -4-dependent immune responses [12, 27, 28] . In addition, TLR agonists confer more potent protection against model strains of Francisella than against type A F. tularensis [11, 15, 29] . These data suggest that TLR signaling plays a larger role in host protection against model Francisella strains than against the strains of F. tularensis that cause disease in humans. As the LD 50 of type A F. tularensis infection in mice is ,10 CFU by all routes tested [30] , we focused on restriction of F. tularensis replication in tissues in this study as a correlate of protection. Using mice with celltype-specific MyD88 deficiencies, we determined that MyD88 restricts type A F. tularensis infection by responding to IL-18 to induce IFN-g.
MATERIALS AND METHODS
Bacterial strains, culture conditions, and mice F. tularensis SchuS4 (acquired from the National Institutes of Health, Rocky Mountain Laboratories, Hamilton, MT, USA) was cultured in modified Mueller-Hinton (MMH) broth (0.025% ferric pyrophosphate, 2% IsoVitaleX, and 0.1% glucose) at 37°C with constant shaking overnight, aliquotted into 1 ml samples, frozen at 280°C, and thawed just before use [31] . Frozen stocks were titered by enumerating viable bacteria from serial dilutions plated on MMH agar (0.025% ferric pyrophosphate, 2% IsoVitaleX, 0.1% glucose, and 0.025% FBS) [32, 33] . The number of viable bacteria in frozen stock vials varied by ,5% over a 12 mo period. These stocks were used to generate cultures for F. tularensis SchuS4 infections. All experiments with F. tularensis SchuS4 were performed in biosafety level 3 facilities at the University of Missouri.
Mice
Experiments were conducted in 6-12-wk-old age-and sex-matched mice on a C57BL/6 background. Breeding pairs of C57BL/6, MyD88 ) and mice expressing Cre recombinase, under the control of the Vav1 (Jackson stock 008610), LysM (Jackson stock 004781), or CD11c promoters (Jackson stock 008068), were purchased from The Jackson Laboratory and intercrossed to create MyD88 fl/fl mice expressing Cre recombinase under the control of these promoters (for reference see Table 1 and https://www.jax.org/research-and-faculty/tools/cre-repository). WT C57BL/6 and MyD88 fl/fl mice displayed a similar phenotype after infection and were both used as control animals. After infection, all mice were maintained in individually ventilated cages under high-efficiency particulate air-filtered barrier conditions of 12 h of light and 12 h of darkness in animal BSL-3 facilities, and were provided with sterile food and water. All studies were conducted in accordance with University of Missouri Animal Care and Use Committee guidelines.
Mouse infection
F. tularensis inocula were prepared by the dilution of frozen stock of known titer in PBS. For s.c. infections, mice were anesthetized with isoflurane gas, and a 200 ml volume of PBS containing ;75 CFU of SchuS4 was then injected into the flank with a 27-gauge needle. For intratracheal infection, mice were anesthetized with isoflurane, and a 22-gauge blunted needle was passed through the oral pharynx into the trachea. A 50 ml volume of PBS containing 75 CFU of SchuS4 then was injected into the lung [5] . In some experiments IFN-g was depleted in vivo via i.p. administration of 1.0 mg anti-IFN-g mAb(clone XMG1.2; Bio X Cell, West Lebanon, NH, USA) one day prior to and 0.5 mg anti-IFN-g three days after infection, whereas control mice received rat IgG. For NK cell depletion, mice received 0.5 mg i.p. of anti-NK1.1 (clone PK136, Bio X Cell) one day prior to, and two days after infection, with control animals receiving rat IgG. Mice receiving IFN-g were treated daily, starting at the time of infection with 10 5 U of recombinant IFN-g i.p.
(Shenandoah Biotechnology, Warwick, RI, USA), whereas control animals received PBS, as described by others [34] .
CFU and cytokine determination
In mice infected with type A F. tularensis, innate immune activation is undetectable until more than 48 h after infection [20] . Thus, in our study, all mice were euthanized 4 d after infection, which allowed us to measure both cytokines and CFU in the same animal. For CFU determination, mouse organs were removed, weighed, and homogenized in sterile PBS, and homogenates were serially diluted and plated in triplicate on MMH plates, which were then incubated at 37°C for 48 h, at which time CFU were enumerated. Splenic CFU data was calculated as Log 10 CFU/spleen, and hepatic CFU data was calculated as Log 10 CFU per gram of liver. For cytokine assays, a protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA) was added to spleen homogenates, which were then centrifuged for 10 min at 10,000 g and filter sterilized. Blood from the caudal vein was also collected at the time of necropsy. After the blood was allowed to clot for 30 min at room temperature, it was centrifuged for 10 min at 10,000 g. 
Flow cytometry
Spleens were homogenized in sterile PBS. Single-cell suspensions were strained through 80 mm mesh and washed with complete medium (CM; RPMI 1640, 0.1 HEPES, 1 mM sodium pyruvate, 1 mM nonessential amino acids, and 10% FBS). The cells were resuspended in RPMI 1640 medium with 0.1 mM HEPES, and RBCs were lysed. Spleen cells were then washed and resuspended in CM and cultured for 5 h at 37°C/5% CO 2 with a cellstimulation cocktail containing PMA, ionomycin, Brefeldin A, and monensin (eBioscience). Cells were then stained for surface markers with Abs (anti-NK1.1, clone PK136; anti-CD3, clone 17A2; anti-CD4, clone GK1.5; and anti-CD8, clone 2.43), fixed in paraformaldehyde, and permeabilized with 0.2% saponin before intracellular staining for IFN-g (clone XMG1.2). Fluorescence was acquired on a CyAn ADP Analyzer (Beckman Coulter, Brea, CA, USA). FlowJo software (Ashland, OR, USA) software was used for analysis.
Statistical analysis
SigmaPlot 13.0 (Systat, San Jose, CA, USA) was used for all statistical comparisons. Significant differences between 2 groups were determined with a 2-tailed Student's t test with significance set at P , 0.05. For comparison between 3 or more groups, analysis was by 1-way ANOVA followed by Tukey's or Dunnett's test as described in the figure legends, with significance set at P , 0.05.
RESULTS

Hematopoietic, but not myeloid or dendritic cell, MyD88 signaling is essential for restriction of virulent F. tularensis infection
To determine what cell types mediate MyD88-dependent immunity against tularemia, we infected MyD88 fl/fl (control), (Fig. 1A) . However, mice lacking myeloid or dendritic cell MyD88 were not resistant to Francisella-induced weight loss, whereas mice lacking hematopoietic MyD88 displayed slightly less weight loss than control mice at day 3, but not at day 4, after infection. MyD88 2/2 or hematopoietic MyD88-deficient mice displayed an elevated splenic F. tularensis burden, whereas myeloid and dendritic cell MyD88 was dispensable for control of infection. In other infection models, it has been reported that MyD88 signaling in myeloid or dendritic cells alone is sufficient to induce an immune response [35] . To determine whether a lack of myeloid MyD88 could be compensated for by the presence of dendritic cell MyD88 (and vice versa) we generated mice that lacked MyD88 in both myeloid and dendritic cells (MyD88 fl/fl LyzM-cre/CD11c-cre ).
MyD88
These mice and WT controls were infected s.c. with F. tularensis SchuS4, weight loss was measured (Fig. 1C) , and splenic bacterial burden was assayed 4 d after infection (Fig. 1D) . Similar to what we found in mice lacking MyD88 in myeloid or dendritic cells alone, mice lacking MyD88 in both myeloid and dendritic cells were not resistant to Francisella-induced weight loss and displayed a bacterial burden similar to that of control mice ( Fig. 1C and D) . Taken together, these results show that hematopoietic MyD88 restricts bacterial replication independent of MyD88 signaling in myeloid and dendritic cells, whereas nonhematopoietic MyD88 mediates weight loss during experimental tularemia.
Both hematopoietic and nonhematopoietic MyD88 signaling contribute to inflammatory cytokine production during F. tularensis infection To investigate immunologic mechanisms underlying MyD88-dependent control of infection, we examined cytokine levels via Luminex and ELISA in spleens from control (MyD88
2/2 , and conditional MyD88-deficient mice 4 d after s.c.
infection with F. tularensis SchuS4. Other than modestly reduced IL-1b level in mice lacking myeloid MyD88, myeloid or dendritic cell MyD88 deficiency did not significantly hinder the production of any cytokines relative to control animals ( Fig. 2) . In fact, IL-12 production was actually enhanced in mice lacking myeloid or dendritic cell MyD88 (Fig. 2G ), and IL-10 level were elevated in the absence of dendritic cell MyD88 (Fig. 2D ). In contrast, the production of IL-1b and IFN-g were markedly reduced in MyD88 2/2 and hematopoietic MyD88-deficient mice ( Fig. 2B and F) . TNF-a, CCL3, and IL-6 production appeared to be mediated by nonhematopoietic MyD88, as the levels of these cytokines were markedly reduced in MyD88 2/2 , but not hematopoietic MyD88-deficient animals ( Fig. 2A, C , and E). MyD88 2/2 mice also had a modest, but statistically significant, reduction in splenic IL-12 level (Fig. 2G) , whereas IL-17 production was significantly reduced in mice lacking hematopoietic MyD88 (Fig. 2H ). IL-4 was the only cytokine found to be elevated in MyD88 2/2 mice (Fig. 2I ), whereas CCL-2 level was elevated in hematopoietic MyD88-deficient mice (Fig. 2J) . In sum, both hematopoietic and nonhematopoietic MyD88 signaling contribute to cytokine production during tularemia, but these effects are largely independent of MyD88 signaling in myeloid and dendritic cells.
Hematopoietic MyD88 is essential for IFNg-dependent restriction of F. tularensis infection
We and others have found IFN-g to be critical for protection against pulmonary infection with virulent type A or B F. tularensis [9, 32, 36] . Abolished IFN-g production correlated with increased bacterial burden in both MyD88 2/2 and hematopoietic MyD88-deficient mice, and we postulated that IFN-g is critical for MyD88-dependent restriction of F. tularensis replication. To address this hypothesis, WT and hematopoietic MyD88-deficient mice were treated with IFN-g-neutralizing Abs or IgG as a control. Mice were then infected s.c. with F. tularensis SchuS4. Four days after infection, splenocytes from infected IgG-treated mice were investigated for IFN-g production by flow cytometry (Fig. 3A-C ) and splenic and hepatic bacterial burden was determined (Fig. 3D) . We found that IFN-g producing NK cells constituted a greater proportion of splenocytes than IFN-g-producing CD4 + or CD8 + T cells (Fig. 3A ) and that hematopoietic MyD88 was critical for NK cell IFN-g production ( Fig. 3B and C) . We also found that, although IFN-g neutralization or hematopoietic MyD88 deficiency alone both resulted in markedly enhanced splenic and hepatic bacterial burden, neutralization of IFN-g from mice lacking hematopoietic MyD88 did not affect bacterial load in the spleen or liver (Fig. 3D) . Thus, the effects of IFN-g and hematopoietic MyD88 on control of F. tularensis infection are interdependent.
IL-18 is critical for IFN-g production and restriction of type A F. tularensis infection IL-12 level was not significantly diminished in mice lacking hematopoietic MyD88 (Fig. 2G) , and so we questioned whether IL-18 is critical for MyD88/IFN-g-dependent immunity against (Fig. 4E and F) . These results suggest that MyD88 is dispensable for IL-18 production, but critical for the response to IL-18 in inducing IFN-g production and control of F. tularensis.
Caspase-1 is partially necessary for control of type A F. tularensis and production of IL-18 and IFN-g
Processing of bioactive IL-18 most often requires caspase-1 [37] . F. novicida and F. tularensis LVSs have been widely used as tools to study caspase-1 activation [39] [40] [41] [42] [43] [44] [45] , but reports are conflicting on whether type A F. tularensis activates caspase-1 in vitro [46] [47] [48] , and the effect of caspase-1 on bacterial burden in vivo has not been studied during infection with virulent type A F. tularensis. Therefore, we investigated whether caspase-1 is necessary for IL-18/IFN-dependent control of type A F. tularensis. WT and caspase1/11 2/2 mice were infected s.c. with F. tularensis SchuS4. Body weights were measured (Fig. 5A) over time, and 4 d after infection, bacterial burden was assayed in spleen and liver (Fig. 5B) , and serum IL-18 ( Fig. 5C ) and splenic IFN-g production (Fig. 5D ) were assayed. Caspase1/11 2/2 mice displayed a significant delay in weight loss relative to WT mice (Fig. 5A ). Splenic and hepatic bacterial burden was nearly 10-fold higher in caspase1/11 2/2 mice (Fig. 5B) , whereas serum IL-18 level was nearly 10-fold lower in caspase1/11 2/2 mice relative to control animals (Fig. 5C ). IFN-g production was also significantly reduced in caspase1/11 2/2 mice (Fig. 5D) . To confirm the effect that we observed in caspase1/11 2/2 was related to caspase-1 and not caspase-11, we next infected WT and Caspase-11 2/2 mice s.c. with F. tularensis and measured weight loss (Fig. 5E ), bacterial burden (Fig. 5F ), and splenic IFN-g production (Fig. 5G) . We found that caspase-11 deficiency did not significantly affect weight loss, bacterial burden, or splenic IFN-g production ( Fig.  5E -G), which corresponds with our earlier data showing that caspase-11 did not affect IL-18 production (Fig. 4B) . Thus, caspase-1, rather than caspase-11, is necessary for restriction of type A F. tularensis infection. 
DISCUSSION
MyD88 and TLRs have been investigated in host protection
to Francisella infection; however, most of this work was limited to model strains of Francisella that do not cause disease in humans. In addition, precise mechanisms by which MyD88 confers protection against model or human pathogenic strains of F. tularensis have not been defined. In this study, we investigated cell-type-specific mechanisms of MyD88-dependent restriction of type A F. tularensis infection. Myeloid and dendritic cells are major targets of F. tularensis infection [49] and are the cell types most studied when investigating TLR responses to infection. Surprisingly, we found that MyD88 signaling in LyzM-Cre expressing myeloid and CD11c-Cre-expressing dendritic cells was dispensable for control of type A F. tularensis infection in the spleen (Fig. 1) . We also found that hematopoietic, but not myeloid or dendritic cell MyD88, significantly restricted F. tularensis infection in the lung after i.t infection (Supplemental Fig. S1A and B) . In addition, we found that beyond a modestly reduced IL-1b level in mice lacking myeloid MyD88, myeloid or dendritic cell MyD88 deficiency did not diminish cytokine production during type A F. tularensis infection. During infection with LVS, IL-1b mediates protection by augmenting IgM production by B1a cells [24] . However, type A F. tularensis degrades host plasmin to evade Ab-mediated responses [14] , and B1a cells actually enhance susceptibility to type A F. tularensis [50] , which may explain why we found that reduced IL-1b production in mice lacking myeloid MyD88 did not affect susceptibility to infection. Taken together, the data indicate that MyD88-dependent TLR signaling in myeloid and dendritic cells is not essential for restriction of type A F. tularensis infection in vivo. In contrast to our findings with myeloid and dendritic cell MyD88, mice lacking hematopoietic MyD88 were highly susceptible to infection. Bacterial load was not significantly different between MyD88 2/2 and hematopoietic MyD88-deficient mice, indicating that the protective effect of MyD88 against F. tularensis was mainly attributable to hematopoietic cells other than myeloid and dendritic cells. Despite a similar splenic bacterial load, MyD88 2/2 mice were resistant to F. tularensis-induced weight loss, whereas hematopoietic MyD88-deficient mice displayed weight loss similar to control animals. The liver is a major target of Francisella infection, and F. tularensis is known to invade hepatocytes [51, 52] . In other infection models, hepatocytes have been shown to produce inflammatory cytokines in an MyD88-dependent manner [53] , and liver inflammation and damage correlate with weight loss in some infections [54] [55] [56] . However, when we measured the serum level of alanine transaminase (ALT) and aspartate transaminase (AST) as correlates of liver damage [57] in MyD88 fl/fl (control), MyD88 2/2 , and hematopoietic MyD88-deficient mice 4 d after s.c. infection with F. tularensis SchuS4, no significant differences were observed between mouse strains ( Fig. S1C and D) . Thus, liver damage does not appear to correlate with MyD88-dependent weight loss during tularemia. In studies in which LPS administration was used as a model of sepsis, others have found that MyD88 signaling in myeloid and hematopoietic cells are critical in anorexia and weight loss [58] . These findings are in contrast to our results and suggest that the model system used may determine what cell types mediate MyD88-dependent weight loss. TNF-a, IL-1b, and IL-6 are the main cytokines associated with anorexia and cachexia during infection [59] . TNF-a and IL-6 production was markedly reduced in MyD88 2/2 , but not in hematopoietic MyD88-deficient mice, suggesting a possible role for these cytokines in F. tularensis-induced weight loss. The IL-1b level was reduced in the spleens of both MyD88 2/2 and hematopoietic MyD88-deficient mice suggesting that either IL-1b is dispensable in our model or that IL-1b production in another tissue is responsible for weight loss. Indeed, we found that IL-1R 2/2 /IL-18 2/2 , but not IL-18 2/2 mice, were highly resistant to F. tularensis-induced weight loss ( Fig. 4A and unpublished , conditional MyD88-deficient, and Caspase-11 2/2 mice observation), and that mice lacking caspase-1 (which is most often required for IL-1b processing) display a significant delay in weight loss (Fig. 5A ), thus suggesting a role for IL-1 signaling in nonhematopoietic cells in F. tularensis-induced weight loss. Others have suggested that weight loss as an indicator of clinical disease during type A F. tularensis infection is associated with the inflammation, rather than direct effects of the bacteria [20] . Our results are in agreement with these findings, as we found that both MyD88 2/2 and caspase-1/11 2/2 mice display some degree of resistance to F. tularensis-induced weight loss, but have higher bacterial burden than control animals. In our evaluation of splenic cytokine production, the most striking finding was the lack of IFN-g production in mice lacking MyD88 or hematopoietic MyD88. IFN-g is critical for protection against both model and human pathogenic strains of Francisella [9, 60] , and we found that the effects of hematopoietic MyD88 and IFN-g on bacterial burden were entirely interdependent. Intracellular cytokine staining revealed that NK cells were a major producer of IFN-g in the spleen. We had demonstrated that human NK cells can be stimulated to produce IFN-g to enhance clearance of F. tularensis from cocultured Mfs [33] . However, others have shown that depletion of NK cells from mice infected i.t. with type A F. tularensis does not enhance susceptibility to infection [61] . We did find that depletion of NK cells from control MyD88 fl/fl mice, but not from mice lacking hematopoietic MyD88, resulted in a modest, but statistically significant increase in bacterial loads in the livers of mice infected s.c. with F. tularensis (Fig. S1E ). These data indicate that NK cells may contribute partially to MyD88-dependent protection. However, other cell types, such as T cells, presumably respond to IL-18 to produce IFN-g and compensate for NK cell deficiency in restricting F. tularensis infection. We also found that hematopoietic MyD88 was needed for IL-17 production.
However, we had already demonstrated that IL-17 is protective against LVS, but is dispensable for protection against type A F. tularensis [32] , and therefore the role of IL-17 in MyD88-dependent protection was not further investigated. IL-18 is essential for IFN-g production and protection against LVS [24] , and in the current study, we examined the role of IL-18 in MyD88-dependent immunity against type A F. tularensis. IL-18 production was not significantly impaired in MyD88 2/2 mice, indicating that MyD88-dependent TLRs are not essential for IL-18 production. Although IL-18 production was MyD88-independent, hematopoietic MyD88 was critical for the response to IL-18, to induce IFN-g production and control of type A F. tularensis infection. In experiments in which both IL-18 2/2 mice and hematopoietic MyD88-deficient mice were infected concurrently, IL-18 deficiency alone resulted in an elevated F. tularensis burden that was similar to that seen in hematopoietic MyD88 deficiency (data not shown). These data further indicate that the protective role of MyD88 is largely independent of MyD88-dependent TLR signaling; however, additional experimentation would be necessary to definitively rule out a protective role for TLRs in type A F. tularensis infection. Although TLR2, which must have MyD88 for signaling [62] , is critical for protection against LVS and F. novicida [22] , lipids derived from type A F. tularensis, but not LVS or F. novicida, actually suppress host immune responses via TLR2 [12, 27] . In addition, MyD88-dependent TLR agonists confer much more efficacious protection against F. novicida and LVS than against type A F. tularensis [5] . Thus, TLR signaling may be more critical to the protective role of MyD88 in response to LVS or F. novicida, than to protection against type A F. tularensis. The MyD88-independent mechanism by which type A F. tularensis triggers IL-18 production in vivo is currently being investigated. In vitro, Propionibacterium LPS has been shown to induce TLR4/TRIFdependent, but MyD88-independent, IL-18 production [63] . Francisella produces the heat shock protein DnaK, which can activate dendritic cells in vitro through TLR4/TRIF and could induce IL-18 [64] . In addition, type A Francisella infection also results in the release of damage-associated molecular patterns from host cells, including those known to signal through TRIF [65, 66] , and thus could trigger IL-18 production. Alternatively, Francisella is known to be recognized by cytosolic DNA sensors [67, 68] , which could also play a role in IL-18 production. F. novicida and LVS have been used extensively as model organisms to study caspase-1 activation. However, various results have been published on the ability of type A F. tularensis to activate caspase-1 in vitro, which may be related to the particular cell types or conditions employed in these studies [46] [47] [48] . In this study, caspase-1 played a partial role in IL-18 production and control of type A F. tularensis in vivo. As mice lacking caspase-1, but not MyD88, had reduced IL-18 level, activation of caspase-1 in vivo by type A F. tularensis does not appear to need MyD88-dependent TLR signaling. Although caspase-1 deficiency led to a ;10-fold increase in splenic and hepatic bacterial burden, IL-18 deficiency resulted in bacterial burden that increased ;30-to ;300-fold. IL-18 can be processed independent of caspase-1 in a manner dependent on the inflammasome adapter protein apoptosis-associated specklike protein containing CARD (ASC) [69] , which could be a mechanism that explains the higher bacterial load we see in mice lacking IL-18 relative to caspase-1-deficient animals during infection with type A F. tularensis. In contrast to our findings, others have found that mice lacking caspase-1 have a higher bacterial burden during F. novicida infection than do mice in which the functions of IL-1 and -18 were blocked [25] . In vivo, type A F. tularensis has been shown to induce caspase-3-dependent cell death [10] , whereas LVS and F. novicida induce caspase-1-dependent cell death [10, 23, 25] . This finding could indicate that IL-1/IL-18-independent functions of caspase-1, such as pyroptotic cell death, mediate protection against F. novicida, whereas the role of caspase-1 in response to type A F. tularensis is limited to IL-18 production. We have found that caspase-3 is essential for live vaccine-mediated immunity against type A F. tularensis infection (unpublished observation), suggesting that both caspase-1 and -3 can play a role in protection against tularemia.
Caspase-11 is a noncanonical inflammasome that recognizes cytosolic LPS [70] . Francisella replicates in the host cell cytosol; however, others have found that F. novicida evades detection by caspase-11 because of the tetra-acylation of its lipid A structure [71] . Although there are variations in LPS biosynthesis and structure among Francisella strains, tetra-acylation is a common attribute of all Francisella [72] . In the current study, we did not detect a significant role for caspase-11 in control of type A F. tularensis infection, indicating that the ability to evade caspase-11 detection is conserved among Francisella species.
In sum, we found that hematopoietic MyD88 restricts type A F. tularensis infection by mediating IL-18-dependent IFN-g production. MyD88-dependent TLR signaling does not appear to be essential for this effect, indicating that type A F. tularensis (or host cell damage caused by infection) is recognized to induce IL-18 in an MyD88-independent manner. Therefore, identification of MyD88-independent pathways that are able to induce IL-18 during type A F. tularensis infection could lead to immunotherapeutic or adjuvant strategies that will enhance the protective efficacy of vaccination or antibiotic therapy against tularemia. AUTHORSHIP J.A.S. conceived the project, designed and performed experiments, and wrote the paper. C.A.L. performed experiments and contributed to experimental design and writing of the manuscript.
